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Abstract. In this commentary, we summarize and build upon
discussions that emerged during the workshop “Isotope-
based studies of water partitioning and plant–soil interac-
tions in forested and agricultural environments” held in San
Casciano in Val di Pesa, Italy, in September 2017. Quan-
tifying and understanding how water cycles through the
Earth’s critical zone is important to provide society and pol-
icymakers with the scientific background to manage wa-
ter resources sustainably, especially considering the ever-
increasing worldwide concern about water scarcity. Stable
isotopes of hydrogen and oxygen in water have proven to
be a powerful tool for tracking water fluxes in the criti-
cal zone. However, both mechanistic complexities (e.g. mix-
ing and fractionation processes, heterogeneity of natural sys-
tems) and methodological issues (e.g. lack of standard proto-
cols to sample specific compartments, such as soil water and
xylem water) limit the application of stable water isotopes in
critical-zone science. In this commentary, we examine some
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of the opportunities and critical challenges of isotope-based
ecohydrological applications and outline new perspectives
focused on interdisciplinary research opportunities for this
important tool in water and environmental science.
1 Understanding water availability in the environment
Understanding water fluxes in the critical zone, the thin dy-
namic skin of the Earth that extends from the top of the
vegetation canopy, through the soil, down to groundwater
(Brooks et al., 2015), is becoming increasingly important as
the climate changes, as human population grows, and as wa-
ter supplies become increasingly constrained (OECD, 2012;
WWAP, 2015). Although human water use often relies on
rivers or aquifers, these resources are maintained by critical-
zone processes that determine the movement of water down-
ward to groundwater, lakes, and streams (“blue water”) or
upward to the atmosphere via evapotranspiration (“green wa-
ter”). A better understanding of the factors that control the
availability and the fate of water in the critical zone is vi-
tal to maintaining ecosystem services in a changing world
(Grant and Dietrich, 2017). A more detailed mechanistic un-
derstanding of water fluxes in the critical zone would serve
at least two important purposes: first, it would enable hydro-
logical and climate models to better predict changes in green-
and blue-water fluxes; second, it would support management
and conservation strategies that promote long-term sustain-
ability of water resources and related ecosystem functions.
Given the variety of intertwined processes at work in the
critical zone, understanding water movement through terres-
trial ecosystems is inherently interdisciplinary. Critical zone
processes have often been examined separately within dif-
ferent disciplines, such as hydrology, soil physics, forest
and landscape ecology, agroecology, biogeochemistry, and
plant physiology. Stable isotopes of hydrogen (2H) and oxy-
gen (18O) are effective tools for tracing water movement
through soils, aquifers, streams, plants, and the atmosphere,
and therefore can connect the disciplines mentioned above.
These stable isotopes have been used as hydrological and
ecophysiological tracers for more than five decades (Kendall
and McDonnell, 1998; Vitvar et al., 2005; Dawson et al.,
2002; Werner et al., 2012). Advancements in isotope-based
tools and methods (e.g. Volkmann et al., 2014, 2016a; von
Freyberg et al., 2017; see also the review by Sprenger et al.,
2015 for pore water analysis) have recently contributed to
interdisciplinary research on critical-zone water movement.
A search in any literature database will reveal that there has
been a sharp increase in the number of papers published on
these topics in the last 10–15 years, corresponding to the
introduction of commercially available and affordable laser
spectroscopy systems. Laser spectrometers allow for simul-
taneous analysis of hydrogen and oxygen isotopes, and are
cheaper and easier to operate than isotope-ratio mass spec-
trometers. This has made it easier than before to analyse iso-
topic data in the dual-isotope space (18O vs. δ2H). Conse-
quently, recent studies have revealed problems in the sim-
plifying assumptions that underlie past investigations, espe-
cially those related to steady-state and well-mixed condi-
tions, i.e. the assumption that water in the subsurface mixes
instantaneously and completely in one common reservoir,
so that no differences in isotopic composition would be ob-
served in the subsurface.
These topics were intensively discussed at the recent
workshop on “Isotope-based studies of water partitioning
and plant–soil interactions in forested and agricultural envi-
ronments” held at Villa Montepaldi, San Casciano in Val di
Pesa, Florence, Italy on 27–29 September 2017. The work-
shop brought together scientists from 12 countries who use
stable isotopes of hydrogen and oxygen to study water move-
ment across the critical zone. The objective was to share per-
spectives on major obstacles (and their potential solutions)
in applying isotope analyses in critical-zone studies. This pa-
per reports the main outcomes of the workshop, summarizing
perspectives on several urgent challenges and future research
opportunities.
2 Stable isotopes of hydrogen and oxygen: versatile
and interdisciplinary tools
Several stable isotopes of hydrogen and oxygen are naturally
present in the water molecule, allowing for effective tracing
of water as it moves through the critical zone. In general, we
have good theoretical knowledge about individual chemical,
physical, and biological processes that control the isotopic
composition of water (Gat and Gonfiantini, 1981; Kendall
and McDonnell, 1998). Specifically, the interactions between
the vapour, liquid, and solid phases of water explain most of
their isotope variability. By applying this theoretical knowl-
edge to real-world conditions, models have been developed
to explain the isotopic composition of (liquid) precipitation
condensing from cloud vapour (Dansgaard, 1964; Gat, 1980,
1996; Clark and Fritz, 1997). Although these models were
shown to yield reliable predictions on annual timescales, pre-
dicting the isotopic composition of water in the atmosphere
on shorter timescales remains difficult due to its short res-
idence time (around 9 days; van der Ent and Tuinenburg,
2017) and non-uniform atmospheric mixing. Other models
are available to explain the isotopic fractionation that occurs
during evaporation from water bodies (Craig and Gordon,
1965), from the upper part of the soil profile (e.g. Barnes
and Allison, 1988), from plant canopies (Cernusak et al.,
2016; Allen et al., 2017), and even within the soil (Lin and
Horita, 2016). Predicting fractionation from water bodies is
relatively easy because they are reasonably well mixed near
the surface, while predicting the isotopic composition of wa-
ter in soils and canopies remains difficult (Sprenger et al.,
2016).
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It is usually assumed that root water uptake does not al-
ter the isotopic composition of the water in the roots or the
stem, and therefore xylem water samples from plant tissue
should reflect the isotopic composition of the source water
(Dawson et al., 2002, and references cited therein). How-
ever, a few studies have suggested that plants, particularly
halophytes and xerophytes, may fractionate the water they
are using (Ellsworth and Williams, 2007), which results in
an enrichment of heavy isotopes in the surrounding soil wa-
ter under certain conditions (Vargas et al., 2017). At the leaf
level, evaporation during transpiration can cause strong iso-
topic enrichment of the heavier isotopes 2H and 18O in the
leaf water that remains (Dawson and Ehleringer, 1998).
Recent technological advancements can help to gather iso-
tope measurements at higher temporal or spatial resolutions.
The oldest but still most common device for analysing sta-
ble isotopes of light elements is the isotope-ratio mass spec-
trometer (IRMS) coupled with different peripherals allow-
ing different sample media to be processed. In the past 10–
15 years, new types of isotope analysers have become widely
available, based on the use of tuneable diode lasers that can
scan across a range of frequencies (off-axis integrated cavity
output spectroscopy, OA-ICOS, and cavity ring-down spec-
troscopy, CRDS). The repeatability and reproducibility of
these instruments are comparable to IRMS (Penna et al.,
2010, 2012), but they are substantially cheaper and can be
installed directly in the field for continuous, automatic mea-
surements of liquid or water vapour samples (e.g. Berman et
al., 2009; Pangle et al., 2013; Oerter et al., 2017; von Frey-
berg et al., 2017). However, laser instruments are sensitive
to interference by organic substances that are often present
in plant- and soil-water samples, and also to background
gas compositional changes (in the case of cavity ring-down
spectroscopy; see Gralher et al., 2018). Recent efforts have
therefore been directed towards identifying the interfering
molecules and providing sample preparation protocols and
software tools to avoid or correct for such interferences (e.g.
West et al., 2011; Martín-Gómez et al., 2015), although or-
ganic contamination on water isotopic measurements is still
an unsolved problem (Wassenaar et al., 2018). Recently, new
in situ sampling techniques have been developed to analyse
components of the water cycle that have eluded researchers
until now. For example, new sampling probes have been de-
veloped to quasi-continuously extract water vapour from tree
stems or soils for real-time isotope analysis (Volkmann et al.,
2016b; Oerter and Bowen, 2017), to analyse gas exchange at
the leaf level (Dubbert et al., 2014; Volkmann et al., 2016a),
and to partition evapotranspiration in woody plants (Wang
et al., 2010). These technical advances allow for continuous
and unattended isotope measurements and hold promise for
advancing our understanding of water storage dynamics, flow
pathways, and exchange processes in the critical zone.
3 Current knowledge, limitations, and challenges
At the workshop, current knowledge and several key chal-
lenges in isotope-based studies of water flow pathways and
plant–soil interactions in the critical zone were identified and
discussed. Here, we summarize the known sources of iso-
topic variability in ecohydrological compartments and the re-
lated challenges in three main themes: methodological and
conceptual limitations, heterogeneity in catchments and ter-
restrial ecosystems, and scaling issues.
3.1 Methodological and conceptual limitations:
sampling the right water pool
Questions such as “What are the preferential water sources
for plant root uptake?”, “To which extent do soil physical
properties (e.g. soil texture, percentage pore space, soil or-
ganic matter content) influence the isotopic composition of
water taken up by plants?” and “What are the implications
of different transport times and water storage within the root
zone and within plants?” are central to understanding water
fluxes in the critical zone, and they have been explored in
many stable isotope studies (e.g. White et al., 1985; Daw-
son and Ehleringer, 1991; Stahl et al., 2013; Bowling et al.,
2017; Evaristo and McDonnell, 2017). While isotope mea-
surements have become more accurate over the years and
progress has been made in quantifying the proportions of dif-
ferent water sources by using Bayesian mixing models (such
as SIAR, MixSIAR; see, for example, Evaristo et al., 2017;
Rothfuss and Javaux, 2017), many conceptual and method-
ological challenges remain.
For example, some studies conducted at the catchment
scale have found that water taken up by roots was isotopi-
cally different from stream water and groundwater (Brooks
et al., 2010; McCutcheon et al., 2017). This suggests either
that source-water sampling was incomplete, that fractiona-
tion processes modified the isotope composition of the water
taken up by plants before or during uptake itself, or that other
methodological issues may limit the utility of stable isotopes
in tracing ecosystem water fluxes. Vital here is the issue of
how to appropriately sample and extract water from soil and
plant tissues. Several studies have shown that water from
the same soil or xylem sample can have different isotopic
compositions when extracted with different techniques. For
example, soil water extracted with tension lysimeters may
be isotopically different from that extracted with cryogenic
distillation (Landon et al., 1999; Koeniger et al., 2011; Or-
lowski et al., 2016b; Gaj et al., 2017b; Thoma et al., 2018)
and plant water extracted cryogenically may differ from wa-
ter directly sampled from the xylem (e.g. Volkmann et al.,
2016b; Zhao et al., 2016). Isotope ratios may also differ with
different extraction times (West et al., 2006). It has been sug-
gested that these differing signatures may represent different
fractions of the total soil- or plant-water reservoir. What is
lacking, but urgently needed (Berry et al., 2017), is to (i) de-
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velop well-tested and standardized sampling, extraction, and
isotope analysis protocols and (ii) verify whether these ex-
traction methods faithfully return the water pools we actually
aim to analyse.
Another issue that needs to be addressed is the pore-scale
variation in soil-water isotopic composition. It has been sug-
gested that differences in soil-water isotopic composition de-
pend on the soil-water potential in different pore spaces, of-
ten referred to as “tightly bound” versus “mobile” water.
Note that this language can be misleading because plants can
use both. For example, plants sometimes rely on obtaining
less-mobile matrix water that may have an isotopic compo-
sition distinct from the mobile gravity-drained water frac-
tion that transits from the hillslope to groundwater and to
streams (Brantley et al., 2017). However, soil and subsurface
waters of different mobility were also found to be isotopi-
cally similar, and isotopic differences in these water sources
can occur for reasons not related to mobility (McCutcheon
et al., 2017). This suggests that our current perspective on
why subsurface waters may vary isotopically is still limited.
Currently, extraction of bulk water from soils or other sub-
surface compartments is done on relatively large soil sample
volumes (50 cm3 and above; Sprenger et al., 2015). How-
ever, experimental designs and methods that target the iso-
topic composition of water that is bound with different po-
tentials and distributed in different pore sizes on scales be-
low 50 cm3 are needed to test whether such small-scale dif-
ferences exist and to subsequently represent them in mixing
models. If soil-water isotopic composition cannot explain the
observed isotopic signature in plant (xylem) water, then other
factors (e.g. plant physiological processes such as fractiona-
tion at the soil-root interface, uptake of dew, mist and/or fog
via leaves and bark, evaporation through the bark, or mix-
ing of xylem and phloem water) may explain these patterns
(Eller et al., 2013; Berry et al., 2014; Martín-Gómez et al.,
2016; Sprenger et al., 2017, 2018b; Lehmann et al., 2017;
Dawson and Goldsmith, 2018).
Similar conceptual constraints relate to measuring the iso-
topic composition of water in plant tissue. It can take hours
to days (or even months; Meinzer et al., 2006) for water ab-
sorbed by tree roots to reach the leaves (Dye et al., 1992;
Ubierna et al., 2009). Further, water can be stored in the
sapwood and outside the water transport pathway for days,
particularly in conifers (Waring and Running, 1978; Meinzer
et al., 2006). Thus, the isotopic composition of xylem water
may not always reflect the current water source(s) used by
plants but may instead be influenced by water taken up days
or even months beforehand (Brandes et al., 2007; Treydte et
al., 2014). Recent experimental and modelling studies have
revealed that xylem isotopic signatures also vary on short,
sub-daily timescales (Volkmann et al., 2016a), but that wa-
ter taken up by plants may be a mixture of both young water
(from the current growing season) and old water (precipi-
tation from the previous year), also depending on the time
of the year (Brinkmann et al., 2018; Sprenger et al., 2018a).
So far, most studies have assumed – not explicitly but of-
ten implicitly – some kind of steady-state condition when
trying to determine tree water uptake patterns. In addition,
considerable spatial variation in xylem isotopic signatures
within trees has been observed with values differing around
and along tree stems (Cernusak et al., 2005; Volkmann et
al., 2016a, b) and between stem and branch water (Dawson
and Ehleringer, 1993; Cernusak et al., 2005; Ellsworth and
Williams, 2007; Zhao et al., 2016). How these temporal and
spatial variations in plant isotopic signatures can inform end-
member determination, and how they can be integrated into
mixing models, remain unsolved issues at present.
The “two water worlds” hypothesis (McDonnell, 2014)
has challenged the assumption of complete subsurface mix-
ing that underlies many catchment models (Pfister and Kirch-
ner, 2017). This hypothesis postulates that more mobile soil
water contributes to groundwater recharge and streamflow,
whereas “tightly bound” water tends to be used by plants
(McDonnell, 2014; Evaristo et al., 2015). Preliminary evi-
dence from catchment studies based on the dual-isotope ap-
proach showed that bulk soil water was isotopically differ-
ent from tension lysimeter water collected at the same depth
(Brooks et al., 2010); that shallow soil-water pool utilized
by plants differed in isotopic composition from precipitation,
stream baseflow, and soil-lysimeter water pools (Goldsmith
et al., 2012); and that xylem water may be isotopically sim-
ilar to soil water and rainwater, but different from stream-
flow and groundwater (Penna et al., 2013). The two water
worlds hypothesis has stimulated new interpretations of eco-
hydrological data and new research questions to investigate
water flow pathways in catchments (McDonnell, 2014) but
also calls into question how often such dichotomous condi-
tions exist in natural systems (Brantley et al., 2017). Cur-
rently, there seems to be a tendency to focus on just con-
firming or rejecting this one hypothesis, although, as outlined
in Berry et al. (2017) and Sprenger et al. (2016), alternative
hypotheses need to be developed and tested to improve our
current understanding. Because water held in the root zone
or moving through that zone and other subsurface layers is
a continuum, where water transport is driven by gradients,
and not separate worlds, we see the necessity to move from
the simplistic two water worlds hypothesis to an “n water
worlds” concept, where multiple water reservoirs and flow
pathways are invoked and parameterized, doing justice to the
distribution of the different substrate types and sites. A chal-
lenge is that we are currently lacking easily applicable meth-
ods to sample the isotopic composition along this continuum.
This can limit (and bias) sampling to only highly mobile and
bulk soil water sampled by either tension lysimeters or cryo-
genic extraction and direct equilibration, respectively. Very
recent findings highlighted that the relative contributions of
mobile and less-mobile (bound at a wide range of water ten-
sions) water are temporally variable and that the mobile wa-
ter does not reflect the total plant-available water (Berry et
al., 2017; Sprenger et al., 2018b). This should not be sur-
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prising: if water is highly mobile then it passes by roots too
quickly for them to use. Although efforts have been made to
compare different methods to sample water of different mo-
bility for isotopic analysis (e.g. Geris et al., 2015; Orlowski
et al., 2016b), we still lack clear definitions for distinguish-
ing these multiple water pools. In addition to these method-
ological constraints, we also need to enhance our understand-
ing of what pools of water plants might use and why. Some
suggest that plants will use more “tightly bound” water even
when more easily accessible, mobile water is available. As
discussed by Bowling et al. (2017), plant-water uptake and
transport within the plant are primarily physical processes
driven by a potential gradient between soil and leaf. Thus,
this notion of plants using “tightly bound” water is incon-
sistent with the well-established mechanisms of water up-
take and transport in plants, i.e. via water potential gradi-
ents where plants are known to take up whatever water is
most easily accessed (highest water potential) if they in fact
have functional roots there (Dixon and Joly, 1896). The as-
sumption that plants take up “tightly bound” water (as indi-
cated by isotopic evidence) in the presence of less “tightly
bound” water near the roots violates current physiological
understanding about the mechanism of water uptake. Likely,
other mechanisms, still not fully appreciated, affect the iso-
topic composition of water in plants. Therefore, we should
inquire into them instead of invoking a notion about plant-
water uptake that is inconsistent with previous investigations
on plant physiology.
3.2 Heterogeneity in catchments and ecosystems
Given that the natural environment is heterogeneous on all
scales, that sampling is by definition incomplete, and that
the analytical process adds random errors (and, often, sys-
tematic biases), isotopic data are inherently subject to un-
certainties. While many of our research questions are specif-
ically focussed on exploring heterogeneous patterns across
different domains (e.g. different climatological conditions,
soil types or vegetation types), there is also considerable
variability within each domain. Observed differences in the
isotopic composition of water in various compartments of a
catchment or an ecosystem are the result of many, often si-
multaneous, processes. The isotopic compositions of water
samples are often shaped by mixing as well as fractionation
processes; both mixing and fractionation can occur in dif-
ferent compartments (e.g. soils, plants, atmosphere), either
simultaneously or at different times as water passes through
the system. Because we still lack a thorough understanding
of the underlying mixing and fractionation processes and of
the spatial and temporal scales at which they operate, diffi-
culties remain in interpreting the isotopic compositions that
we measure in our environmental samples. While early iso-
tope applications in catchment studies demonstrated the im-
portance of considering temporal variability in precipitation
and runoff (Kendall and McDonnell, 1993), less attention
was initially paid to spatial heterogeneity, especially at the
hillslope or small catchment scale, under the assumption that
streamflow inherently integrates over spatial variations in the
upslope contributing area. However, it is now well known
that characterizing the spatial patterns in isotopic composi-
tion (so-called “isoscapes”) is another important tool for in-
creasing our understanding of hydrological processes (West
et al., 2009; Bowen and Good, 2015). In addition, applica-
tions in ecohydrology often require spatially explicit charac-
terizations of soil water, groundwater, and plant water, which
do not necessarily integrate across large spatial areas and thus
reflect local heterogeneity. In the following, we highlight the
main sources of heterogeneity that characterize different wa-
ter pools relevant to ecohydrological studies.
Precipitation represents a major source of spatio-temporal
heterogeneity that results in variations in all subsequent bi-
ological and hydrological compartments. The combined ef-
fects of variability in atmospheric parameters such as hu-
midity, temperature, and solar radiation influence the iso-
topic composition of precipitation, manifesting in temporal
(Dansgaard, 1964; Rozanski et al., 2013; Coplen et al., 2008,
2015; Munksgaard et al., 2012) and spatial (Ingraham, 1998;
Bowen and Revenaugh, 2003; Bowen, 2008; Fischer et al.,
2017; Allen et al., 2018) variability at multiple scales. How-
ever, at least on the plot scale (i.e. tens of metres) and in the
absence of significant altitude variations, the spatial variabil-
ity of precipitation is usually of minor importance. Precipi-
tation is often collected by tipping buckets with a ∼ 200 mm
diameter (Fig. 1), which is assumed to integrate small-scale
variations and be representative of the plot scale. On larger
scales (e.g. > hundreds of metres), we might observe sys-
tematic variations that are functionally relevant, and obtain-
ing the isotopic composition of an input that is representa-
tive of the entire study area can be challenging. Temporal
variability can also be very pronounced, even during a single
storm event, and quasi-continuous precipitation sampling is
vital for capturing such a variability in the input signal to the
system (Munksgaard et al., 2012; Pangle et al., 2013; von
Freyberg et al., 2017).
Canopy interception of liquid water involves flow through
a small storage with short mean residence time, largely re-
sulting in throughfall and stemflow having patterns of tem-
poral variability that resemble the initial precipitation in-
puts (e.g. Ikawa et al., 2011). Nevertheless, storage and sub-
sequent evaporation of intercepted precipitation can result
in below-canopy inputs to soil that differ from open pre-
cipitation by more than 2 ‰ in 18O for single events and
over longer periods (Allen et al., 2017). There can also be
spatial variations of several ‰ in 18O because stemflow
and throughfall dripping points involve long residence times
(Allen et al., 2014) and thus have distinct isotopic composi-
tions which are challenging to capture.
In places where snowfall is an important component of
precipitation, snow accumulation dynamics can significantly
modify the spatio-temporal patterns of precipitation isotopic
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Figure 1. Simplified representation of spatial and temporal scales of ecohydrological processes (based on Blöschl and Sivapalan, 1995 and
Bowen and Good, 2015) and of isotope observational techniques frequently used to characterize these processes. Method scales represent
typical minima that may be expanded through multiple observations, and process scales approximate characteristic scales of variation. While
recent developments in sample acquisition and analytical techniques have increased sample throughput and pushed the limits of observational
capacity, a lack of ability to immediately characterize heterogeneous hydrological and ecological processes at typical study scales is glaringly
apparent. As a consequence, large uncertainty and interpretation errors can result in isotopic studies, and open questions exist regarding
appropriate sampling strategies.
composition. Snowpack depth and density are known to
be very irregular, following complex compaction and re-
distribution dynamics that are influenced by topography,
wind and vegetation (e.g. Trujillo et al., 2009). As a con-
sequence, snowmelt is very heterogeneous and its flow path-
ways change through time as the snowpack evolves. Due to
these dynamics, the spatial variability in the isotopic compo-
sition of snowpacks and snowmelt can be very large (Rücker
et al., 2019; Webb et al., 2018). Moreover, melt-and-refreeze
dynamics during water percolation through the snowpack
cause heterogeneous and time-variable isotopic fractiona-
tion (Taylor et al., 2001). Canopy-intercepted snow can have
longer residence time than liquid water and, because frac-
tionation due to sublimation and refreezing is greater, espe-
cially at lower temperatures, it may contribute to larger iso-
topic changes (Koeniger et al., 2008). All these processes of-
ten interact and make the representative characterization of
snow and especially snowmelt isotopic composition highly
difficult.
Water flow and transport through heterogeneous porous
media are complex processes that still represent a hot topic
for the vadose zone and groundwater communities (Kitani-
dis, 2015). However, not only is subsurface flow always het-
erogeneous (Gehrels et al., 1998; McDonnell et al., 2007;
Stumpp et al., 2007; Troch et al., 2009; Stumpp and Mal-
oszewski, 2010), but fractionation processes in the subsur-
face also vary in both time and space. Evaporation, which
is largely controlled by surface energy variations, is a ma-
jor contributor to isotopic fractionation, especially at shal-
low soil depths. Generally, evaporative effects decrease with
increasing soil depth, resulting in deuterium excess or line-
conditioned excess of soil water becoming less negative with
depth (e.g. Sprenger et al., 2017). Moreover, bulk soil wa-
ter shows more evaporative effects than lysimeter water and
may be characterized by values of line-conditioned excess
below zero (McCutcheon et al., 2017), because more “tightly
bound” waters integrate older ages and, therefore, are af-
fected by kinetic fractionation during periods of atmospheric
evaporative demand (Sprenger et al., 2017). However, bulk
soil water, extracted by cryogenic distillation or direct equi-
libration (Sprenger et al., 2018c), which contains both mobile
and matric-bound water, is generally more depleted in heavy
isotopes than mobile water collected by tension lysimeters at
the same depth and location. It is unclear how much, volu-
metrically, the “bound water” fraction in the bulk sample is,
what isotopic impact it has on the final measured isotope ra-
tio, and how much of it a plant might or can use (Brooks et
al., 2010). Moreover, deep bulk water is usually more de-
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pleted than mobile water during spring or summer due to
filling of fine pores of a relatively dry soil with depleted pre-
cipitation several months earlier (Geris et al., 2015; Oerter
and Bowen, 2017; Sprenger et al., 2017). This suggests that
old and more “tightly bound” water might show not only a
distinct isotopic signal compared to mobile water due to sea-
sonally variable precipitation inputs, but also an evaporative
enrichment signal from periods of high evaporative demand
(Sprenger et al., 2017).
In soils and groundwater, isotopic heterogeneity results
from differences in the inputs (precipitation, throughfall,
snowmelt), differences in the temporal integration of previ-
ous precipitation events (Yang et al., 2016), and differences
in the subsequent fractionation from evaporation and tran-
spiration (Benettin et al., 2018). As a general rule, smaller
storage-to-output ratios with short residence times generally
lead to higher temporal variability. Conversely, larger stor-
ages with longer residence times are likely to lead to a more
dampened signal that integrates over longer periods of time
(e.g. Zhang et al., 2016; Benettin et al., 2017). Obtaining
representative samples in soils is also challenging because
soil water content, soil texture, mineral composition, and the
content of organic matter are spatially heterogeneous and
strongly influence how soils interact with water molecules
(e.g. Barnes and Allison, 1983; Oerter et al., 2014; Oshun et
al., 2016; Gaj et al., 2017a). Hence, the interaction with soil
particle surfaces (Lin et al., 2018), soil organic matter (Or-
lowski et al., 2016a), local soil properties (Yang et al., 2016),
microorganisms (Blake et al., 1997; Kool et al., 2007), and
plants (Vargas et al., 2017) may introduce additional isotopic
heterogeneity. Also, the origin of soil water is diverse, com-
prising a mixture of precipitation events from different times,
sources (air masses), and types (e.g. rainfall, snow, hail); it
may also include groundwater and, in the case of agricultural
fields, irrigation water derived from groundwater, lakes, or
rivers. With increasing soil depth and down to groundwater,
we generally expect that dispersive transport will lead to in-
creasingly damped spatio-temporal variations around the av-
erage input composition. Nevertheless, we commonly char-
acterize groundwater with wells that receive water from a
variety of depths that may have isotopically distinct waters
(Jasechko et al., 2017). While it is generally assumed that
groundwater integrates inputs over time and space (Scheliga
et al., 2017), the integrations may be short and small when
one distinguishes shallow groundwater or perched water ta-
bles from soil water (Uhlenbrook and Hoeg, 2003). Smaller-
scale spatial variations in groundwater isotopic composition
are typically not well characterized, and ecohydrological ap-
plications often assume spatial homogeneity.
Plant xylem water reflects the spatial and temporal het-
erogeneity of the water that is accessed by functional plant
roots (Ehleringer and Dawson, 1992). Due to differences in
functional rooting locations among species and individuals,
plant-water isotopic composition is often distinctly differ-
ent and highly variable among different species (Bertrand
et al., 2014; Schwendenmann et al., 2015; Volkmann et al.,
2016a). However, heterogeneity in soils and other subsurface
compartments with respect to texture, structure, and water
content could also result in differences in xylem water iso-
topic composition across trees with similar rooting patterns.
Within-plant variations in xylem water composition may also
occur because travel times can increase with within-plant
path length, so temporal variations in source isotopic compo-
sition must result in vertical variations in xylem isotopic sig-
natures (Dawson and Ehleringer, 1993; Cernusak et al., 2005;
Zhao et al., 2016). Lateral or radial variations in the trunk oc-
cur due to radial variations in the source water composition
or potentially in water transport rates (and thus water age),
depending on the degree of sectoriality of a plant’s xylem
transport (Steppe et al., 2015; Volkmann et al., 2016b). Even
among individual vessels, variations are expected, given the
little evidence of dispersion across xylem flow pathways pro-
vided by different studies (Zimmerman and Brown, 1971;
Kline et al., 1976). Once water in the xylem reaches the
stomatal aperture of the leaves, the vapour pressure deficit
between the ambient air and the intercellular cavities results
in isotopic fractionation that significantly alters the source
signal (Dongmann et al., 1974). These fractionation effects
are spatio-temporally variable (see, for instance, Helliker and
Ehleringer, 2002) but may be masked by wood and other tis-
sues that might act as temporal and spatial integrators of het-
erogeneous processes in leaves (Gessler et al., 2014; Singer
et al., 2014).
3.3 Scaling issues
Many of the issues raised in the above sections relate to
small-scale processes of water flow and transport, as research
to date has often been performed at the level of soil patches
or individual plants. Less attention has been directed towards
determining how small-scale ecohydrological processes can
be used to understand catchment- or landscape-scale phe-
nomena. For example, Bertrand et al. (2014) found that trees
used different water sources depending on their location
within an alluvial system, whereas Gaines et al. (2016) did
not detect differences in root length density and water uptake
among trees located at different hillslope positions. Hsueh et
al. (2016) showed that trees on deltaic hummocks preferen-
tially took up water from unsaturated hummock tops to pro-
tect from higher salinity and saturated soil in swales and the
lower portions of hummocks. Dudley et al. (2018) saw little
evidence to suggest that landscape position altered ground-
water uptake by shrubs. Pettit and Froend (2018) showed that
riparian trees located on relatively shallow groundwater had
greater growth rates, larger diel responses in stem diameter
and were less reactive to extended dry periods than trees lo-
cated in areas of deep groundwater. Sprenger et al. (2018c)
found that soil water beneath conifer trees was more frac-
tionated than beneath heather shrubs or red oak trees and
that sampling locations closer to streams had a more depleted
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isotopic composition than hillslope sites, revealing increased
subsurface mixing towards the saturated zone and a prefer-
ential recharge of winter precipitation. Such differences in
the depths and types of water taken up by trees may have
a critical impact on streamflow and hydrochemistry (Brant-
ley et al., 2017), both of which generally depend on travel
times and flow pathways (Rinaldo et al., 2015; van der Velde,
2015). Studies that systematically monitor ecohydrological
processes across environmental conditions, soils, and vege-
tation types within landscapes will certainly be needed in the
future, but a challenging question today is how representa-
tive such individual tree/plant studies are for larger-scale sys-
tems. Answering this question will require us to understand
both the heterogeneity in ecohydrological processes and the
resulting heterogeneity in the isotopic composition of water
when moving up in scale. As we move, for example, from
the individual to a stand or hillslope scale, systematic sam-
pling approaches that account for this heterogeneity within
a landscape element of interest will have to be tested. These
approaches might identify a sample size that is statistically
representative and integrates over the main sources of varia-
tion within a given system.
If such an approach exists for a given process of interest, it
could inform sampling protocols. As we move further up in
scale, e.g. to catchments or an entire landscape, we need to
develop approaches that appropriately represent this hetero-
geneity in hydrological and ecological models. Here, much
may be learned from work that has been carried out in soil
science (Lark, 2012a, b) on how to investigate spatial pat-
terns and scaling related to isotopic studies in ecohydrologi-
cal systems.
Furthermore, a gap exists between the scale at which we
typically apply our observational isotope techniques and the
range of spatial and temporal scales across which we draw
ecohydrological inferences. Repeated observations have pro-
vided insights into the heterogeneity of hydrological and eco-
logical processes on these larger scales, but they have also
revealed the limitations in our current sampling strategies.
In defining the isotopic signal of the measured ecohydro-
logical compartments as their variations across spatial and
temporal scales, and the noise as the variance of repeated
sampling of the same water pool, the key issue is to deter-
mine which sampling strategies can ensure the best signal-
to-noise ratio, i.e. that allow for the signal to be many times
greater than the noise. However, inevitably, our ability to ob-
serve the variability within a sampling event is a product of
the duration and size of that sampling. In practice, we often
rely on a few samples to characterize a much larger hetero-
geneous domain. For example, small samples of xylem tis-
sue are commonly used to characterize an entire forest or a
few soil cores are meant to represent the entire range of spa-
tial variation in soils. Temporally variable processes are often
sampled in a few short measurement campaigns, yet they are
assumed to be representative of much longer (and perhaps
variable) periods. Furthermore, investigators should consider
whether concurrently sampled components of the hydrologic
cycle are representative of the same time (e.g. leaf water may
be sourced from soil water taken up by roots days or weeks
prior to the day of sampling). Inadequately sampling hetero-
geneous domains can lead to interpretation errors. This prob-
lem is exacerbated when analysis methods do not properly
reflect the statistical properties or uncertainty of the sample
pool. For example, single mean values are often used as end-
members in mixing models, which exaggerates the precision
of the source partitioning (Phillips and Gregg, 2001).
We recommend that researchers adopt sampling strategies
to determine the signal variances and to deliberately inte-
grate across the smaller-scale variability so that heterogene-
ity across the ecohydrological domains of interest can be ap-
propriately characterized. This includes, for instance, plan-
ning sampling campaigns that span over multiple (growing)
seasons or that comprise multiple locations within the same
landscape element (e.g. different hillslope positions), finding
the correct balance between the necessary labour and cost,
and the additional information provided. For example, this
would allow for considering mean values with their variabil-
ity as end-members in mixing models, thus more appropri-
ately addressing the uncertainties arising from the intrinsic
spatio-temporal variability in the studied system.
4 New perspectives and research opportunities
The current constraints and knowledge gaps we have pre-
sented above can also be seen as opportunities for new eco-
hydrological research. In this section, we outline future di-
rections for research into water fluxes and partitioning using
stable isotopes.
First of all – and perhaps most urgently – we call for sys-
tematic comparisons and methodological reviews of tech-
niques for extracting water from xylem, soil and other root-
ing media in the subsurface, followed by the development of
standard protocols. Recent experimental work has attempted
to evaluate the cryogenic vacuum distillation method for soil-
and plant-water extraction and critically discussed its suit-
ability as a standard method for plant-water investigations
(Orlowski et al., 2013, 2018a, b; Newberry et al., 2017;
Thoma et al., 2018). Some of these studies have shown that
the extraction method can have a significant effect on the iso-
topic value obtained from the analysis of pore water, depend-
ing also on the soil type and organic matter content (Sprenger
et al., 2015; Newberry et al., 2017). However, the protocols
are not always applied in comparable ways and some meth-
ods such as drying soils at excessive (105 ◦C) temperatures
will introduce artefacts because material properties change
when the strongly adsorbed water is removed, which would
not happen in field soils that plants are actually rooted into.
It has been suggested that future work should examine how
the full range of cryogenic extraction conditions (extraction
time, temperature, vacuum threshold) as well as physico-
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chemical soil properties affect the isotopic composition of
extracted water (Orlowski et al., 2016a, b, 2018; Gaj et al.,
2017b). For instance, recent results (e.g. Gaj et al., 2017a)
suggest that water from different soil types should be ex-
tracted with different temperatures to extract the same wa-
ter pool, but investigations on the range of required tem-
peratures for each soil type are still needed. Comprehen-
sive intercomparisons of soil-water sampling and extraction
methods (including, for instance, techniques such as tension
lysimeters, high-pressure mechanical squeezing, centrifuga-
tion, direct vapour equilibration, microwave extraction, and
cryogenic vacuum distillation) and xylem water extraction
methods (such as wood cores, pressure vacuum, centrifuga-
tion, Scholander-type pressure chambers as well as direct
vapour equilibration and cryogenic vacuum distillation) are
urgently required to develop standardized sampling and ex-
traction protocols (Millar et al., 2018).
More specifically, we believe it is critical to set up experi-
ments that will allow us to understand whether the observed
differences in isotopic composition of extracted waters re-
flect isotopic variations in the real world or are instead as-
sociated with sampling and/or analytical artefacts. We need
to work towards a better understanding of how to extract a
particular type of water from soils and plant tissue that is rel-
evant to answering our specific research questions. How do
we extract the soil water that takes part in water flow pro-
cesses? From which plant tissue should we extract water?
This calls for a more detailed analysis of which water pool
each method is able to access, because different methods
can sample different waters in both soils and plant tissues,
therefore leading to potential differences in isotopic compo-
sition. For instance, cryogenic vacuum distillation can extract
nearly all water from soil samples, even water held at ten-
sions so high that plants cannot access it (although the vol-
umes of this very “tightly bound” water are likely to be very
small relative to the volumes plants use as mentioned above).
In contrast, tension lysimeters typically sample water held at
< 200 kPa (Geris et al., 2015), and thus do not collect all
the water that plants can access and take up (Sprenger et al.,
2018b). Moreover, the differences in isotopic composition
observed in soil-water samples through tension lysimeters
and all the water accessible to plants are time variant and are
linked to the volume and age of the mobile water (Sprenger
et al., 2018b). For plant samples, cryogenic vacuum distil-
lation normally extracts all water from plant tissues, includ-
ing intra-cellular water that is not part of the advective flow
system. In contrast, other techniques (e.g. Scholander-type
pressure chamber, vapour equilibration) are able to extract
water from xylem vessels only (Volkmann et al., 2016b). In
addition to the above-mentioned aspects, the extraction and
analytical methods used (e.g. extraction technique, tempera-
ture, time, number of replicates, laser, or mass spectrometer)
need to be thoroughly documented and reported.
Secondly, we call for more high-resolution monitoring and
extensive labelling experiments with known boundary con-
ditions (e.g. Kulmatiski et al., 2010; Grossiord et al., 2014;
Beyer et al., 2016; Priyadarshini et al., 2016). These would
facilitate more rigorous observations of physiological and
ecohydrological processes and a more detailed characteriza-
tion of the spatial heterogeneity and temporal dynamics of
isotopic composition in different compartments of the criti-
cal zone. As an example, sampling xylem at high temporal
frequency at specific stem positions might provide more de-
tailed information about fractionation processes during wa-
ter transport from root to shoots. At the same time, limita-
tions that might not be possible to overcome using natural
isotopic abundances (e.g. the differentiation of isotopically
similar water sources) can be addressed using isotopic la-
belling (Koeniger et al., 2010). The usefulness of labelling
studies has been acknowledged for decades, and is also cou-
pled to modelling approaches (e.g. Stahl et al., 2013), but
the combination of high-resolution monitoring with labelling
leads to a new dimension of research opportunities. Indeed,
labelling and high-resolution monitoring experiments have
the potential to provide new insights into the size and speed
of water flow pathways in both soils and plants. While high-
frequency measurements of isotopes in soil water have of-
ten been reported, in situ measurements of xylem water iso-
topes remain challenging (Martín-Gómez et al., 2015; Volk-
mann et al., 2016b). Resolving this limitation would be a
major step towards broadening the range of timescales that
can be investigated. This also requires a thorough examina-
tion of how organic compounds in plant waters may distort
laser spectroscopy measurements of isotopes in water (West
et al., 2010, 2011). There is also great potential for studies us-
ing two or more tracers simultaneously (dual-labelling). For
instance, different soil layers might be labelled with differ-
ent tracers (e.g. “high” deuterium label on the surface, “low”
oxygen label at depth) to explore which water pools plants
preferentially access under variable conditions (see, for ex-
ample, Bachmann et al., 2015). In this regard, research on
the often-raised issue of water vs. nutrient availability could
improve our current understanding of ecohydrological feed-
backs (Bakhshandeh et al., 2016).
The third main aspect highlighted during the workshop’s
discussions is the need to incorporate knowledge regarding
fractionation effects (e.g. Dawson and Ehleringer, 1993) into
the models that are used to interpret isotope data. For exam-
ple, process-based models may help to interpret observations
and experimental data (Benettin et al., 2018), assessing the
importance, seasonality, and uncertainty in evapotranspira-
tion partitioning (Knighton et al., 2017; Smith et al., 2018),
and characterizing water pathways and quantifying the as-
sociated travel times at the catchment scale (Kuppel et al.,
2018). Clarifications are needed on which parameters to in-
clude in a model and on when it might be possible to ig-
nore their influence. This knowledge is still lacking, which
may lead to incorrect interpretations of data and develop-
ment of unnecessarily complex models. This knowledge will
also produce better estimates of the uncertainties associated
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with isotope data and better methods to propagate them. Un-
certainties, also related to fractionation effects, should also
be applied in Bayesian mixing models, which are used to
quantify the proportional contributions of various sources to
a mixture (Davis et al., 2015; Evaristo et al., 2017). For in-
stance, Rothfuss and Javaux (2017) examined the uncertainty
associated with different types of mixing models, stating
that graphical and statistical methods have major drawbacks
when analysing root water uptake depths. They found that
the latest generation of Bayesian mixing models performs
well for that purpose, but only when the number of consid-
ered water sources in the soil is high and closely reflects the
vertical distribution of the soil-water isotopic composition.
Additional tracers can be helpful to support and strengthen
the observations obtained by using stable isotopes. Trace el-
ements taken up through plants (e.g. gold particles; Lintern
et al., 2013) might have particular potential for inferring root
water uptake. Chemical tracers (e.g. Haase et al., 1996) and
tritium (Zhang et al., 2017) have also been used to study wa-
ter uptake depths. However, using other types of tracers, such
as fluorobenzoic acids, dissolved ions, and isotopic ratios of
other elements such as radium or strontium, will introduce
further complexity to the system due to potential interactions
of these tracers with soil, roots, and the water itself. Such
effects need to be carefully studied in order to provide mean-
ingful interpretations. Even the use of labelled water can pro-
duce artefacts, for example masking fractionation processes
that in turn can influence the results. Therefore, there is a
need to understand the conditions that limit the use of sta-
ble isotopes as tracers in ecohydrological applications and to
pinpoint the processes for which they may not be the best
tracers. By carefully matching the methods with the research
objectives, we can assess the reliability of stable isotopes
of hydrogen and oxygen, and determine whether integrating
isotopes with additional tracers would be helpful.
We strongly recommend designing studies that are not
overly sensitive to the intrinsic uncertainty of the domain
of interest and that represent heterogeneity in a way that
costs (i.e. labour) and benefits are balanced. Potential so-
lutions include the use of highly controlled settings, using
tracer injections to amplify the signal, constraining the spa-
tial or temporal domain of a study, determining whether end-
members are sufficiently (and consistently) distinguishable,
asking rougher questions, or simply anticipating the higher
costs associated with collecting more samples than are con-
ventionally used. While we often do not quantify variations
within a sampled water pool, the uncertainties associated
with the (hypothetical) effects of within-sample variations
should also be considered more consistently in analyses and
interpretations. This includes, for instance, making efforts to
better quantify the variance of the isotopic signal within and
between water pools by increasing (in time and/or space, de-
pending on specific research questions) the number of col-
lected samples.
Finally, the ubiquitous presence of hydrogen and oxygen
isotopes in different compartments of the critical zone (at-
mospheric water, subsurface and surface waters, plant tis-
sues) and the close linkages between physical processes in
the biosphere, lithosphere, atmosphere, and hydrosphere in-
herently call for new interdisciplinary isotope-based investi-
gations. Posing research questions from an interdisciplinary
perspective can help to achieve a more comprehensive in-
terpretation of data and results, and a more detailed under-
standing of the physical processes involved. In this context,
interdisciplinary research can help us to understand in detail
the conundrum provided by isotopic evidence that suggests
that at least some plants access “tightly bound” water more
easily than the mobile water. This violates well-established
physiological knowledge and stimulates research questions
about the mechanisms leading to the observed isotopic val-
ues in subsurface waters and xylem. We encourage collab-
orations among ecologists, plant physiologists, hydrologists,
hydrogeologists, and soil scientists to achieve a broader per-
spective from different points of view on water fluxes in the
critical zone. We particularly advocate for new interdisci-
plinary studies into controls on spatial and temporal patterns
of ecohydrological fluxes for different plant species, in dif-
ferent landscapes, and under different climatic forcing.
5 Concluding remarks
The workshop on “Isotope-based studies of water partition-
ing and plant–soil interactions in forested and agricultural
environments”, held in Italy in September 2017, offered sci-
entists with different backgrounds the opportunity to meet
and share ideas, experiences, and perspectives on studies of
water fluxes in the critical zone based on stable isotopes of
hydrogen and oxygen. The past decade has seen the emer-
gence of new instruments and new insights, often questioning
the simplifications we were forced to make earlier, but at the
same time opening our eyes to new and important sources of
variation. Although the need to re-evaluate our methods was
a consistent theme, the opportunities provided by continu-
ous measurements are very promising. Within the workshop
and the scope of this paper, our effort has been to convert
these identified knowledge gaps into new interdisciplinary
research opportunities that can pave the way towards a bet-
ter understanding of the physical processes governing water
movement in natural and anthropogenic terrestrial environ-
ments. We believe that interdisciplinary discussion of these
themes is useful for the entire ecohydrological community to
foster collaborations and to develop suitable methods to take
full advantage of the stable isotopes of hydrogen and oxygen
as an effective tool with which to investigate the fate, avail-
ability, and distribution of water in the environment.
Data availability. No data sets were used in this article.
Biogeosciences, 15, 6399–6415, 2018 www.biogeosciences.net/15/6399/2018/
D. Penna et al.: Tracing terrestrial ecosystem water fluxes using stable isotopes 6409
Author contributions. DP, LH, and FS organized the workshop,
wrote the outline and the first draft of the manuscript, supervised the
whole writing process by integrating the corrections and comments
of the other authors and critically revised each draft version. STA,
PB, MB, JG, JK, JDM, LS, THMV, and JvF wrote specific sections
of the manuscript. AA, NC, ME, JF, YG, JJM, and GZ provided fur-
ther specific comments and literature references. PL, RTWS, TED,
and JWK led the discussion groups during the workshop, edited the
text adding relevant specific comments, contributed to reach uni-
formity and coherence during the whole process, and improved the
language stylistically and grammatically.
Competing interests. The authors declare that they have no conflict
of interest.
Acknowledgements. The authors thank Marialaura Bancheri,
Michele Bottazzi, Roman Cibulka, Massimo Esposito, Alba Gallo,
Cesar D. Jimenez-Rodriguez, Angelika Kuebert, Ruth Magh,
Stefania Mambelli, Alessia Nannoni, Paolo Nasta, Vladimir
Rosko, Andrea Rücker, Noelia Saavedra Berlanga, Martin Šanda,
and Anna Scaini for their contributions during the discussion at
the workshop “Isotope-based studies of water partitioning and
plant–soil interactions in forested and agricultural environments”.
The authors also thank “Villa Montepaldi” and the University
of Florence for the access to the workshop location, and the
municipality of San Casciano in Val di Pesa for logistical support.
The authors thank the Department of Innovation, Research and
University of the Autonomous Province of Bozen/Bolzano for
covering the Open Access publication costs. Last, but not least,
the authors wish to thank Matthias Sprenger, Stephen Good, and
J. Renée Brooks, as well as the Editor David R. Bowling, whose
constructive reviews greatly improved this manuscript.
Edited by: David Bowling
Reviewed by: Matthias Sprenger, J. Renée Brooks,
and Stephen Good
References
Allen, S. T., Brooks, J. R., Keim, R. F., Bond, B. J., and McDon-
nell, J. J.: The role of pre-event canopy storage in throughfall and
stemflow by using isotopic tracers, Ecohydrology, 7, 858–868,
https://doi.org/10.1002/eco.1408, 2014.
Allen, S. T., Keim, R. F., Barnard, H. R., McDonnell, J. J., and
Renée Brooks, J.: The role of stable isotopes in understanding
rainfall interception processes: a review, WIRES Water, 4, e1187,
https://doi.org/10.1002/wat2.1187, 2017.
Allen, S. T., Kirchner, J. W., and Goldsmith, G. R.: Predicting spa-
tial patterns in precipitation isotope (δ2H and 18O) seasonality
using sinusoidal isoscapes, Geophys. Res. Lett., 45, 4859–4868,
https://doi.org/10.1029/2018GL077458, 2018.
Bachmann, D., Gockele, A., Ravenek, J. M., Roscher, C., Strecker,
T., Weigelt, A., Buchmann, N., and Rixen, C.: No Evidence of
Complementary Water Use along a Plant Species Richness Gra-
dient in Temperate Experimental Grasslands, PLoS ONE, 10,
e0116367, https://doi.org/10.1371/journal.pone.0116367, 2015.
Bakhshandeh, S., Kertesz, M. A., Corneo, P. E., and Dijkstra, F.
A.: Dual-labeling with 15N and H182 O to investigate water and N
uptake of wheat under different water regimes, Plant Soil, 408,
429–441, https://doi.org/10.1007/s11104-016-2944-8, 2016.
Barnes, C. J. and Allison, G. B.: The distribution of deuterium
and 18O in dry soils: 1. Theory, J. Hydrol., 60, 141–156,
https://doi.org/10.1016/0022-1694(83)90018-5, 1983.
Barnes, C. J. and Allison, G. B.: Tracing of water movement
in the unsaturated zone using stable isotopes of hydrogen and
oxygen, J. Hydrol., 100, 143–176, https://doi.org/10.1016/0022-
1694(88)90184-9, 1988.
Benettin, P., Bailey, S. W., Rinaldo, A., Likens, G. E., McGuire, K.
J., and Botter, G.: Young runoff fractions control streamwater age
and solute concentration dynamics, Hydrol. Process., 31, 2982–
2986, https://doi.org/10.1002/hyp.11243, 2017.
Benettin, P., Volkmann, T. H. M., von Freyberg, J., Frentress,
J., Penna, D., Dawson, T. E., and Kirchner, J. W.: Effects
of climatic seasonality on the isotopic composition of evap-
orating soil waters, Hydrol. Earth Syst. Sci., 22, 2881–2890,
https://doi.org/10.5194/hess-22-2881-2018, 2018.
Berman, E. S. F., Gupta, M., Gabrielli, C., Garland, T., and Mc-
Donnell, J. J.: High-frequency field-deployable isotope ana-
lyzer for hydrological applications, Water Resour. Res., 45, 1–7,
https://doi.org/10.1029/2009WR008265, 2009.
Berry, Z. C., White, J. C., and Smith, W. K.: Foliar uptake, carbon
fluxes and water status are affected by the timing of daily fog in
saplings from a threatened cloud forest, Tree Physiol., 34, 459–
470, https://doi.org/10.1093/treephys/tpu032, 2014.
Berry, Z. C., Evaristo, J., Moore, G., Poca, M., Steppe, K., Ver-
rot, L., Asbjornsen, H., Borma, L. S., Bretfeld, M., Hervé-
Fernández, P., Seyfried, M., Schwendenmann, L., Sinacore,
K., De Wispelaere, L., and McDonnell, J.: The two wa-
ter worlds hypothesis: Addressing multiple working hypothe-
ses and proposing a way forward, Ecohydrology, 11, e1843,
https://doi.org/10.1002/eco.1843, 2018.
Bertrand, G., Masini, J., Goldscheider, N., Meeks, J., Lavastre, V.,
Celle-Jeanton, H., Gobat, J.-M., and Hunkeler, D.: Determination
of spatiotemporal variability of tree water uptake using stable
isotopes (18O, δ2H) in an alluvial system supplied by a high-
altitude watershed, Pfyn forest, Switzerland, Ecohydrology, 7,
319–333, https://doi.org/10.1002/eco.1347, 2014.
Beyer, M., Koeniger, P., Gaj, M., Hamutoko, J. T., Wanke,
H., and Himmelsbach, T.: A deuterium-based labeling
technique for the investigation of rooting depths, wa-
ter uptake dynamics and unsaturated zone water trans-
port in semiarid environments, J. Hydrol., 533, 627–643,
https://doi.org/10.1016/j.jhydrol.2015.12.037, 2016.
Blake, R. E., O’Neil, J. R., and Garcia, G. A.: Oxy-
gen isotope systematics of biologically mediated reactions
of phosphate: I. Microbial degradation of organophospho-
rus compounds, Geochim. Cosmochim. Ac., 61, 4411–4422,
https://doi.org/10.1016/S0016-7037(97)00272-X, 1997.
Blöschl, G. and Sivapalan, M.: Scale issues in hydrolog-
ical modelling: a review, Hydrol. Process., 9, 251–290,
https://doi.org/10.1002/hyp.3360090305, 1995.
Bowen, G. and Good, S. P.: Incorporating water isoscapes inhydro-
logical and water resourceinvestigations, WIREs Water, 2, 107–
119, https://doi.org/10.1002/wat2.1069, 2015.
www.biogeosciences.net/15/6399/2018/ Biogeosciences, 15, 6399–6415, 2018
6410 D. Penna et al.: Tracing terrestrial ecosystem water fluxes using stable isotopes
Bowen, G. J.: Spatial analysis of the intra-annual vari-
ation of precipitation isotope ratios and its climato-
logical corollaries, J. Geophys. Res., 113, D05113,
https://doi.org/10.1029/2007JD009295, 2008.
Bowen, G. J. and Revenaugh, J. : Interpolating the isotopic compo-
sition of modern meteoric precipitation, Water Resour. Res., 39,
1299, https://doi.org/10.1029/2003WR002086, 2003.
Bowling, D. R., Schulze, E. S., and Hall, S. J.: Revisit-
ing streamside trees that do not use stream water: can the
two water worlds hypothesis and snowpack isotopic effects
explain a missing water source?, Ecohydrology, 10, 1–12,
https://doi.org/10.1002/eco.1771, 2017.
Brandes, E., Wenninger, J., Koeniger, P., Schindler, D., Rennen-
berg, H., Leibundgut, C., Mayer, H., and Gessler, A.: Assess-
ing environmental and physiological controls over water rela-
tions in a Scots pine (Pinus sylvestris L.) stand through analy-
ses of stable isotope composition of water and organic matter,
Plant Cell Environ., 30, 113–127, https://doi.org/10.1111/j.1365-
3040.2006.01609.x, 2007.
Brantley, S. L., Eissenstat, D. M., Marshall, J. A., Godsey, S. E.,
Balogh-Brunstad, Z., Karwan, D. L., Papuga, S. A., Roering, J.,
Dawson, T. E., Evaristo, J., Chadwick, O., McDonnell, J. J., and
Weathers, K. C.: Reviews and syntheses: on the roles trees play
in building and plumbing the critical zone, Biogeosciences, 14,
5115–5142, https://doi.org/10.5194/bg-14-5115-2017, 2017.
Brinkmann, N., Seeger, S., Weiler, M., Buchmann, N., Eug-
ster, W., and Kahmen, A.: Employing stable isotopes to de-
termine the residence times of soil water and the tempo-
ral origin of water taken up by Fagus sylvatica and Picea
abies in a temperate forest, New Phytol., 219, 1300–1313,
https://doi.org/10.1111/nph.15255, 2018.
Brooks, J. R., Barnard, H. R., Coulombe, R., and McDonnell,
J. J.: Ecohydrologic separation of water between trees and
streams in a Mediterranean climate, Nat. Geosci., 3, 100–104,
https://doi.org/10.1038/ngeo722, 2010.
Brooks, P. D., Chorover, J., Fan, Y., Godsey, S. E., Maxwell,
R. M., McNamara, J. P., and Tague, C.: Hydrological par-
titioning in the critical zone: Recent advances and oppor-
tunities for developing transferable understanding of wa-
ter cycle dynamics, Water Resour. Res., 51, 6973–6987,
https://doi.org/10.1002/2015WR017039, 2015.
Cernusak, L. A., Farquhar, G. D., and Pate, J. S.: Environmental and
physiological controls over oxygen and carbon isotope composi-
tion of Tasmanian blue gum, Eucalyptus globulus, Tree Physiol.,
25, 129–146, 2005.
Cernusak, L. A., Barbour, M. M., Arndt, S. K., Cheesman, A. W.,
English, N. B., Feild, T. S., Helliker, B. R., Holloway-Phillips,
M. M., Holtum, J. A. M., Kahmen, A., McInerney, F. A., Munks-
gaard, N. C., Simonin, K. A., Song, X., Stuart-Williams, H.,
West, J. B., and Farquhar, G. D.: Stable isotopes in leaf wa-
ter of terrestrial plants, Plant Cell Environ., 39, 1087–1102,
https://doi.org/10.1111/pce.12703, 2016.
Clark, I. D. and Fritz, P.: Environmental isotopes in hydrogeology,
CRC Press LLC, Boca Raton, FL, 1997.
Coplen, T. B., Neiman, P. J., White, A. B., Landwehr, J. M.,
Ralph, F. M., and Dettinger, M. D.: Extreme changes in sta-
ble hydrogen isotopes and precipitation characteristics in a
landfalling Pacific storm, Geophys. Res. Lett., 35, L21808,
https://doi.org/10.1029/2008GL035481, 2008.
Coplen, T. B., Wassenaar, L. I., Mukwaya, C., Qi, H., and Lorenz,
J. M.: A new isotopic reference material for stable hydrogen
and oxygen isotope-ratio measurements of water – USGS50
Lake Kyoga Water, Rapid Commun. Mass Sp., 29, 2078–2082,
https://doi.org/10.1002/rcm.7369, 2015.
Craig, H. and Gordon, L. I.: Deuterium and oxygen 18 variations in
the ocean and the marine atmosphere, Proceedings of the Con-
ference on Stable Isotopes in Oceanographic Studies and Pale-
otemperatures, Spoleto, Italy, 1965, edited by: Tongiorgi, E., 9–
130, available at: http://climate.colorado.edu/research/CG/ (last
access: 18 October 2018), 1965.
Dansgaard, W.: Stable isotopes in precipitation, Tellus, 16, 436–
468, https://doi.org/10.1111/j.2153-3490.1964.tb00181.x, 1964.
Davis, P., Syme, J., Heikoop, J., Fessenden-Rahn, J., Perkins, G.,
Newman, B., Chrystal, A. E., and Hagerty, S. B.: Quantifying
uncertainty in stable isotope mixing models, J. Geophys. Res.-
Biogeo., 120, 903–923, https://doi.org/10.1002/2014JG002839,
2015.
Dawson, T. E. and Ehleringer, J. R.: Streamside trees
that do not use stream water, Nature, 350, 335–337,
https://doi.org/10.1038/350335a0, 1991.
Dawson, T. E. and Ehleringer, J. R.: Isotopic enrichment of wa-
ter in the “woody” tissues of plants: Implications for plant wa-
ter source, water uptake, and other studies which use the stable
isotopic composition of cellulose, Geochim. Cosmochim. Ac.,
57, 3487–3492, https://doi.org/10.1016/0016-7037(93)90554-A,
1993.
Dawson, T. E. and Ehleringer, J. R.: Plants, Isotopes, and Water use:
A catchment-level perspective, in: Isotope Tracers in Catchment
Hydrology, edited by: Kendall, C., Elsevier Science, Amsterdam,
165–202, 1998.
Dawson, T. E. and Goldsmith, G. R.: The value of wet leaves, New
Phytol., 219, 1156–1169, https://doi.org/10.1111/nph.15307,
2018.
Dawson, T. E., Mambelli, S., Plamboeck, A. H., Tem-
pler, P. H., and Tu, K. P.: Stable Isotopes in Plant
Ecology, Annu. Rev. Ecol. Syst., 33, 507–559,
https://doi.org/10.1146/annurev.ecolsys.33.020602.095451,
2002.
Dixon, H. H. and Joly, J.: On the ascent of sap, Phil. Trans. R. Soc.
Lond. B, 186, 563–576, https://doi.org/10.1098/rstb.1895.0012,
1895.
Dongmann, G., Nurnberg, H. W., Forstel, H., and Wagener,
K.: On the enrichment of H182 O in the leaves of tran-
spiring plants, Radiat. Environ. Biophys., 11, 41–52,
https://doi.org/10.1007/BF01323099, 1974.
Dubbert, M., Piayda, A., Cuntz, M., and Werner, C.: Oxygen isotope
signatures of transpired water vapor – the role of isotopic non-
steady-state transpiration of Mediterranean cork-oaks (Quercus
suber L.) under natural conditions, New Phytol., 16, 1242–1252,
https://doi.org/10.1111/nph.12878, 2014.
Dudley, B. D., Marttila, H., Graham, S. L., Evison, R., and Srini-
vasan, M. S.: Water sources for woody shrubs on hillslopes: An
investigation using isotopic and sapflow methods, Ecohydrology,
11, e1926, https://doi.org/10.1002/eco.1926, 2018.
Dye, P. J., Olbrich, B. W., and Calder, I. R.: A comparison of the
heat pulse method and deuterium tracing method for measur-
ing transpiration from Eucalyptus grandis trees, J. Exp. Bot., 43,
337–343, 1992.
Biogeosciences, 15, 6399–6415, 2018 www.biogeosciences.net/15/6399/2018/
D. Penna et al.: Tracing terrestrial ecosystem water fluxes using stable isotopes 6411
Ehleringer, J. R. and Dawson, T. E.: Water uptake by
plants: perspectives from stable isotope composition, Plant
Cell Environ., 15, 1073–1082, https://doi.org/10.1111/j.1365-
3040.1992.tb01657.x, 1992.
Eller, C. B., Lima, A. L., and Oliveira, R. S.: Foliar uptake of fog
water and transport belowground alleviates drought effects in the
cloud forest tree species,Drimys brasiliensis (Winteraceae), New
Phytol., 199, 151–162, https://doi.org/10.1111/nph.12248, 2013.
Ellsworth, P. Z. and Williams, D. G.: Hydrogen isotope fractiona-
tion during water uptake by woody xerophytes, Plant Soil, 291,
93–107, https://doi.org/10.1007/s11104-006-9177-1, 2007.
Evaristo, J. and McDonnell, J. J.: Prevalence and magni-
tude of groundwater use by vegetation: a global sta-
ble isotope meta-analysis, Sci. Rep.-UK, 7, 44110,
https://doi.org/10.1038/srep44110, 2017.
Evaristo, J., Jasechko, S., and McDonnell, J. J.: Global separation
of plant transpiration from groundwater and streamflow, Nature,
525, 91–94, https://doi.org/10.1038/nature14983, 2015.
Evaristo, J., McDonnell, J. J., and Clemens, J.: Plant source wa-
ter apportionment using stable isotopes: A comparison of simple
linear, two-compartment mixing model approaches, Hydrol. Pro-
cess., 31, 3750–3758, https://doi.org/10.1002/hyp.11233, 2017.
Fischer, B. M. C., van Meerveld, H. J., and Seibert, J.: Spatial vari-
ability in the isotopic composition of rainfall in a small headwa-
ter catchment and its effect on hydrograph separation, J. Hydrol.,
547, 755–769, https://doi.org/10.1016/j.jhydrol.2017.01.045,
2017.
Gaines, K. P., Stanley, J. W., Meinzer, F. C., McCulloh, K. A.,
Woodruff, D. R., Chen, W., Adams, T. S., Lin, H., and Eis-
senstat, D. M.: Reliance on shallow soil water in a mixed-
hardwood forest in central Pennsylvania, Tree Physiol., 36, 444–
458, https://doi.org/10.1093/treephys/tpv113, 2016.
Gaj, M., Kaufhold, S., Koeniger, P., Beyer, M., Weiler, M.,
and Himmelsbach, T.: Mineral mediated isotope fractiona-
tion of soil water, Rapid Commun. Mass Sp., 31, 269–280,
https://doi.org/10.1002/rcm.7787, 2017a.
Gaj, M., Kaufhold, S., and McDonnell, J. J.: Potential lim-
itation of cryogenic vacuum extractions and spiked ex-
periments, Rapid Commun. Mass Sp., 31, 821–823,
https://doi.org/10.1002/rcm.7850, 2017b.
Gat, J.: Oxygen and hydrogen isotopes in the hydro-
logic cycle, Annu. Rev. Earth Pl. Sc., 24, 225–262,
https://doi.org/10.1146/annurev.earth.24.1.225, 1996.
Gat, J. R.: The isotopes of hydrogen and oxygen in precipitation,
in: Handbook of environmental isotope geochemistry, Elsevier,
Amsterdam (Netherlands), vol. 1, 21–47, 1980.
Gat, J. R. and Gonfiantini, R.: Stable isotope hydrology: deuterium
and oxygen-18 in the water cycle, International Atomic En-
ergy Agency, Vienna (Austria), 339 pp., available at: https://
inis.iaea.org/search/search.aspx?orig_q=RN:13677657 (last ac-
cess: 18 October 2018), 1981.
Gehrels, J. C., Peeters, J. E. M., de Vries, J. J., and Dekkers,
M.: The mechanism of soil water movement as inferred from
18O stable isotope studies, Hydrolog. Sci. J., 43, 579–594,
https://doi.org/10.1080/02626669809492154, 1998.
Geris, J., Tetzlaff, D., Mcdonnell, J., Anderson, J., Paton, G.,
and Soulsby, C.: Ecohydrological separation in wet, low energy
northern environments? A preliminary assessment using differ-
ent soil water extraction techniques, Hydrol. Process., 29, 5139–
5152, https://doi.org/10.1002/hyp.10603, 2015.
Gessler, A., Ferrio, J. P., Hommel, R., Treydte, K., Werner, R. A.,
and Monson, R. K.: Stable isotopes in tree rings: towards a mech-
anistic understanding of isotope fractionation and mixing pro-
cesses from the leaves to the wood, Tree Physiol., 34, 796–818,
https://doi.org/10.1093/treephys/tpu040, 2014.
Goldsmith, G. R., Muñoz-Villers, L. E., Holwerda, F., McDonnell,
J. J., Asbjornsen, H., and Dawson, T. E.: Stable isotopes re-
veal linkages among ecohydrological processes in a seasonally
dry tropical montane cloud forest, Ecohydrology, 5, 779–790,
https://doi.org/10.1002/eco.268, 2012.
Gralher, B., Herbstritt, B., Weiler, M., Wassenaar, L. I., and Stumpp,
C.: Correcting for Biogenic Gas Matrix Effects on Laser-Based
Pore Water-Vapor Stable Isotope Measurements, Vadose Zone J.,
17, 170157, https://doi.org/10.2136/vzj2017.08.0157, 2018.
Grant, G. E. and Dietrich, W. E.: The frontier be-
neath our feet, Water Resour. Res., 53, 2605–2609,
https://doi.org/10.1002/2017WR020835, 2017.
Grossiord, C., Granier, A., Ratcliffe, S., Bouriaud, O., Bruelheide,
H., Checko, E., Forrester, D. I., Dawud, S. M., Finer, L., Pollas-
trini, M., Scherer-Lorenzen, M., Valladares, F., Bonal, D., and
Gessler, A.: Tree diversity does not always improve resistance
of forest ecosystems to drought, P. Natl. Acad. Sci USA, 111,
14812–14815, https://doi.org/10.1073/pnas.1411970111, 2014.
Haase, P., Pugnaire, F. I., Fernández, E. M., Puigdefábregas, J.,
Clark, S. C., and Incoll, L. D.: an investigation of rooting depth of
the semiarid shrub Retama sphaerocarpa (L.) Boiss. by labelling
of ground water with a chemical tracer, J. Hydrol., 177, 23–31,
https://doi.org/10.1016/0022-1694(95)02794-7, 1996.
Helliker, B. R. and Ehleringer, J. R.: Grass blades as tree rings: envi-
ronmentally induced changes in the oxygen isotope ratio of cellu-
lose along the length of grass blades, New Phytol., 155, 417–424,
https://doi.org/10.1046/j.1469-8137.2002.00480.x, 2002.
Hsueh, Y.-H., Chambers, J. L., Krauss, K. W., Allen, S. T., and
Keim, R. F.: Hydrologic exchanges and bald cypress water use
on deltaic hummocks, Louisiana, USA, Ecohydrology, 9, 1452–
1463, https://doi.org/10.1002/eco.1738, 2016.
Ikawa, R., Yamamoto, T., Shimada, J., and Shimizu, T.: Tem-
poral variations of isotopic compositions in gross rain-
fall, throughfall, and stemflow under a Japanese cedar for-
est during a typhoon event, Hydrol. Res. Lett., 5, 32–36,
https://doi.org/10.3178/hrl.5.32, 2011.
Ingraham, N. L.: Isotopic Variations in Precipitation, in: Isotope
Tracers in Catchment Hydrology, edited by: Kendall, C. and Mc-
donnell, J. J., 87–118, Elsevier, Amsterdam, 1998.
Jasechko, S., Perrone, D., Befus, K. M., Cardenas, B., Ferguson,
G., Gleeson, T., Luijendijk, E., McDonnell, J. J., Taylor, R. G.,
Wada, Y., and Kirchner, J. W.: Global aquifers dominated by fos-
sil groundwaters but wells vulnerable to modern contamination,
Nat. Geosci., 10, 425–429, https://doi.org/10.1038/NGEO2943,
2017.
Kendall, C. and McDonnell, J. J.: Effect of intrastorm isotopic het-
erogeneities of rainfall, soil water, and groundwater on runoff
modeling, IAHS-AISH P., 8, 41–48, 1993.
Kendall, C. and McDonnell, J. J.: Isotope Tracers in Catchment
Hydrology, Elsevier Sci. B.V., Amsterdam, 51–86, available at:
https://wwwrcamnl.wr.usgs.gov/isoig/isopubs/itchinfo.html (last
access: 18 October 2018), 1998.
www.biogeosciences.net/15/6399/2018/ Biogeosciences, 15, 6399–6415, 2018
6412 D. Penna et al.: Tracing terrestrial ecosystem water fluxes using stable isotopes
Kitanidis, P. K.: Persistent questions of heterogeneity, uncertainty,
and scale in subsurface flow and transport, Water Resour. Res.,
51, 5888–5904, https://doi.org/10.1002/2015WR017639, 2015.
Kline, J. R., Reed, K. L., Waring, R. H., and Stewart, M. L.: Field
measurement of transpiration in douglas-fir, J. Appl. Ecol., 13,
273–283, https://doi.org/10.2307/2401947, 1976.
Knighton, J., Saia, S. M., Morris, C. K., Archiblad, J. A., and Wal-
ter, M. T.: Ecohydrologic Considerations for Modeling of Stable
Water Isotopes in a Small Intermittent Watershed, Hydrol. Pro-
cess., 31, 2438–2452, https://doi.org/10.1002/hyp.11194, 2017.
Koeniger, P., Hubbart, J. A., Link, T., and Marshall, J. D.: Isotopic
variation of snow cover and streamflow in response to changes in
canopy structure in a snow-dominated mountain catchment, Hy-
drol. Process., 22, 557–566, https://doi.org/10.1002/hyp.6967,
2008.
Koeniger, P., Leibundgut, C., Link, T., and Marshall, J.
D.: Stable isotopes applied as water tracers in col-
umn and field studies, Org. Geochem., 41, 31–40,
https://doi.org/10.1016/j.orggeochem.2009.07.006, 2010.
Koeniger, P., Marshall, J. D., Link, T., and Mulch, A.: An
inexpensive, fast, and reliable method for vacuum extrac-
tion of soil and plant water for stable isotope analyses by
mass spectrometry, Rapid Commun. Mass Sp., 25, 3041–3048,
https://doi.org/10.1002/rcm.5198, 2011.
Kool, D. M., Wrage, N., Oenema, O., Dolfing, J., and Van Groeni-
gen, J. W.: Oxygen exchange between (de)nitrification interme-
diates and H2O and its implications for source determination of
NO3− and N2O: a review, Rapid Commun. Mass Sp., 21, 3569–
3578, https://doi.org/10.1002/rcm.3249, 2007.
Kulmatiski, A., Beard, K. H., Verweij, R. J. T., and February,
E. C.: A depth-controlled tracer technique measures vertical,
horizontal and temporal patterns of water use by trees and
grasses in a subtropical savanna, New Phytol., 188, 199–209,
https://doi.org/10.1111/j.1469-8137.2010.03338.x, 2010.
Kuppel, S., Tetzlaff, D., Maneta, M. P., and Soulsby, C.: EcH2O-
iso 1.0: water isotopes and age tracking in a process-based, dis-
tributed ecohydrological model, Geosci. Model Dev., 11, 3045–
3069, https://doi.org/10.5194/gmd-11-3045-2018, 2018.
Landon, M. K., Delin, G. N., Komor, S. C., and Regan, C.
P.: Comparison of the stable-isotopic composition of soil wa-
ter collected from suction lysimeters, wick samplers, and
cores in a sandy unsaturated zone, J. Hydrol., 224, 45–54,
https://doi.org/10.1016/S0022-1694(99)00120-1, 1999.
Lark, R. M.: Towards soil geostatistics, Spat. Stat.-Neth., 1, 92–99,
https://doi.org/10.1016/j.spasta.2012.02.001, 2012a.
Lark, R. M.: Distinguishing spatially correlated random variation
in soil from a “pure nugget” process, Geoderma, 185–186, 102–
109, https://doi.org/10.1016/j.geoderma.2012.03.029, 2012b.
Lehmann, M. M., Gamarra, B., Kahmen, A., Siegwolf, R. T. W.,
and Saurer, M.: Oxygen isotope fractionations across individ-
ual leaf carbohydrates in grass and tree species: δ18O of indi-
vidual leaf carbohydrates, Plant Cell Environ., 40, 1658–1670,
https://doi.org/10.1111/pce.12974, 2017.
Lin, Y. and Horita, J.: An experimental study on isotope fraction-
ation in a mesoporous silica-water system with implications for
vadose-zone hydrology, Geochim. Cosmochim. Ac., 184, 257–
271, https://doi.org/10.1016/j.gca.2016.04.029, 2016.
Lin, Y., Horita, J., and Abe, O.: Adsorption isotope effects of water
on mesoporous silica and alumina with implications for the land-
vegetation-atmosphere system, Geochim. Cosmochim. Ac., 223,
520–536, https://doi.org/10.1016/j.gca.2017.12.021, 2018.
Lintern, M., Anand, R., Ryan, C., and Paterson, D.: Natural
gold particles in Eucalyptus leaves and their relevance to ex-
ploration for buried gold deposits, Nat. Commun., 4, 2274,
https://doi.org/10.1038/ncomms3614, 2013.
Martín-Gómez, P., Barbeta, A., Voltas, J., Penuelas, J., Dennis,
K., Palacio, S., Dawson, T. E., and Ferrio, J. P.: Isotope-
ratio infrared spectroscopy: a reliable tool for the investi-
gation of plant-water sources?, New Phytol., 207, 914–927,
https://doi.org/10.1111/nph.13376, 2015.
Martín-Gómez, P., Serrano, L., Ferrio, J. P., and Cernusak, L.:
Short-term dynamics of evaporative enrichment of xylem water
in woody stems: Implications for ecohydrology, Tree Physiol.,
37, 511–522, https://doi.org/10.1093/treephys/tpw115, 2016.
McCutcheon, R. J., McNamara, J. P., Kohn, M. J., and Evans,
S. L.: An evaluation of the ecohydrological separation hypoth-
esis in a semiarid catchment, Hydrol. Process., 31, 783–799,
https://doi.org/10.1002/hyp.11052, 2017.
McDonnell, J. J.: The two water worlds hypothesis: ecohydrological
separation of water between streams and trees?, WIRES Water,
1, 323–329, https://doi.org/10.1002/wat2.1027, 2014.
McDonnell, J. J., Sivapalan, M., Vaché, K., Dunn, S., Grant,
G., Haggerty, R., Hinz, C., Hooper, R., Kirchner, J., Rod-
erick, M. L., Selker, J., and Weiler, M.: Moving be-
yond heterogeneity and process complexity: A new vision
for watershed hydrology, Water Resour. Res., 43, W07301,
https://doi.org/10.1029/2006WR005467, 2007.
Meinzer, F. C., Brooks, J. R., Domec, J. C., Gartner, B. L., War-
ren, J. M., Woodruff, D. R., and Shaw, D. C.: Dynamics of
water transport and storage in conifers studied with deuterium
and heat tracing techniques, Plant Cell Environ., 29, 105–114,
https://doi.org/10.1111/j.1365-3040.2005.01404.x, 2006.
Millar, C., Pratt, D., Schneider, D., and McDonnell, J. J.: A
Comparison of Extraction Systems for Plant Water Stable Iso-
tope Analysis, Rapid Commun. Mass Sp., 32, 1031–1044,
https://doi.org/10.1002/rcm.8136, 2018.
Munksgaard, N. C., Wurster, C. M., Bass, A., and Bird, M. I.:
Extreme short-term stable isotope variability revealed by con-
tinuous rainwater analysis, Hydrol. Process., 26, 3630–3634,
https://doi.org/10.1002/hyp.9505, 2012.
Newberry, S. L., Nelson, D. B., and Kahmen, A.: Cryo-
genic vacuum artifacts do not affect plant water-uptake stud-
ies using stable isotope analysis, Ecohydrology, 10, e1892,
https://doi.org/10.1002/eco.1892, 2017.
OECD: OECD Environmental Outlook to 2050: The Consequences
of Inaction, 353 pp., https://doi.org/10.1787/9789264122246-en,
2012.
Oerter, E., Finstad, K., Schaefer, J., Goldsmith, G. R., Dawson,
T., and Amundson, R.: Oxygen isotope fractionation effects in
soil water via interaction with cations (Mg, Ca, K, Na) ad-
sorbed to phyllosilicate clay minerals, J. Hydrol., 515, 1–9,
https://doi.org/10.1016/j.jhydrol.2014.04.029, 2014.
Oerter, E. J. and Bowen, G.: In situ monitoring of H and
O stable isotopes in soil water reveals ecohydrologic dy-
namics in managed soil systems, Ecohydrology, 10, e1841,
https://doi.org/10.1002/eco.1841, 2017.
Oerter, E. J., Perelet, A., Pardyjak, E., and Bowen, G.: Mem-
brane inlet laser spectroscopy to measure H and O stable iso-
Biogeosciences, 15, 6399–6415, 2018 www.biogeosciences.net/15/6399/2018/
D. Penna et al.: Tracing terrestrial ecosystem water fluxes using stable isotopes 6413
tope compositions of soil and sediment pore water with high
sample throughput, Rapid Commun. Mass Sp., 31, 75–84,
https://doi.org/10.1002/rcm.7768, 2017.
Orlowski, N., Frede, H.-G., Brüggemann, N., and Breuer, L.: Vali-
dation and application of a cryogenic vacuum extraction system
for soil and plant water extraction for isotope analysis, J. Sens.
Sens. Syst., 2, 179–193, https://doi.org/10.5194/jsss-2-179-2013,
2013.
Orlowski, N., Breuer, L., and McDonnell, J. J.: Critical issues with
cryogenic extraction of soil water for stable isotope analysis,
Ecohydrology, 9, 3–10, https://doi.org/10.1002/eco.1722, 2016a.
Orlowski, N., Pratt, D. L., and McDonnell, J. J.: Inter-
comparison of soil pore water extraction methods for
stable isotope analysis, Hydrol. Process., 30, 3434–3449,
https://doi.org/10.1002/hyp.10870, 2016b.
Orlowski, N., Breuer, L., Angeli, N., Boeckx, P., Brumbt, C., Cook,
C. S., Dubbert, M., Dyckmans, J., Gallagher, B., Gralher, B.,
Herbstritt, B., Hervé-Fernández, P., Hissler, C., Koeniger, P.,
Legout, A., Macdonald, C. J., Oyarzún, C., Redelstein, R., Sei-
dler, C., Siegwolf, R., Stumpp, C., Thomsen, S., Weiler, M.,
Werner, C., and McDonnell, J. J.: Inter-laboratory comparison
of cryogenic water extraction systems for stable isotope anal-
ysis of soil water, Hydrol. Earth Syst. Sci., 22, 3619–3637,
https://doi.org/10.5194/hess-22-3619-2018, 2018a.
Orlowski, N., Winkler, A., McDonnell, J. J., and Breuer, L.: A sim-
ple greenhouse experiment to explore the effect of cryogenic wa-
ter extraction for tracing plant source water, Ecohydrology, 11,
e1967, https://doi.org/10.1002/eco.1967, 2018b.
Oshun, J., Dietrich, W. E., Dawson, T. E., and Fung, I.:
Dynamic, structured heterogeneity of water isotopes
inside hillslopes, Water Resour. Res., 52, 164–189,
https://doi.org/10.1002/2015WR017485, 2016.
Pangle, L. A., Klaus, J., Berman, E. S. F., Gupta, M., and
McDonnell, J. J.: A new multisource and high-frequency
approach to measuring δ2H and δ18O in hydrologi-
cal field studies, Water Resour. Res., 49, 7797–7803,
https://doi.org/10.1002/2013WR013743, 2013.
Penna, D., Stenni, B., Šanda, M., Wrede, S., Bogaard, T. A.,
Gobbi, A., Borga, M., Fischer, B. M. C., Bonazza, M.,
and Chárová, Z.: On the reproducibility and repeatability of
laser absorption spectroscopy measurements for δ2H and δ18O
isotopic analysis, Hydrol. Earth Syst. Sci., 14, 1551–1566,
https://doi.org/10.5194/hess-14-1551-2010, 2010.
Penna, D., Stenni, B., Šanda, M., Wrede, S., Bogaard, T. A., Miche-
lini, M., Fischer, B. M. C., Gobbi, A., Mantese, N., Zuecco,
G., Borga, M., Bonazza, M., Sobotková, M., Cejková, B., and
Wassenaar, L. I.: Technical Note: Evaluation of between-sample
memory effects in the analysis of δ2H and δ18O of water samples
measured by laser spectroscopes, Hydrol. Earth Syst. Sci., 16,
3925–3933, https://doi.org/10.5194/hess-16-3925-2012, 2012.
Penna, D., Oliviero, O., Assendelft, R., Zuecco, G., Tromp-
Meerveld, I., Anfodillo, T., Carraro, V., Borga, M., and Dalla
Fontana, G.: Tracing the water sources of trees and streams: iso-
topic analysis in a small pre-alpine catchment, Procedia Environ.
Sci., 19, 106–112, https://doi.org/10.1016/j.proenv.2013.06.012,
2013.
Pettit, N. E. and Froend, R. H.: How important is ground-
water availability and stream perenniality to riparian and
floodplain tree growth?, Hydrol. Process., 32, 1502–1514,
https://doi.org/10.1002/hyp.11510, 2018.
Pfister, L. and Kirchner, J. W.: Debates—Hypothesis testing in hy-
drology: Theory and practice, Water Resour. Res., 53, 1792–
1798, https://doi.org/10.1002/2016WR020116, 2017.
Phillips, D. L. and Gregg, J. W.: Uncertainty in source par-
titioning using stable isotopes, Oecologia, 127, 171–179,
https://doi.org/10.1007/s004420000578, 2001.
Priyadarshini, K. V. R., Prins, H. H. T., Bie, S., Heitkönig, I. M.
A., Woodborne, S., Gort, G., Kirkman, K., Ludwig, F., Daw-
son, T. E., and Kroon, H.: Seasonality of hydraulic redistribu-
tion by trees to grasses and changes in their water-source use
that change tree–grass interactions, Ecohydrology, 9, 218–228,
https://doi.org/10.1002/eco.1624, 2016.
Rinaldo, A., Benettin, P., Harman, C. J., Hrachowitz, M., McGuire,
K. J., van der Velde, Y., Bertuzzo, E., and Botter, G.: Storage
selection functions: A coherent framework for quantifying how
catchments store and release water and solutes, Water Resour.
Res., 51, 4840–4847, https://doi.org/10.1002/2015WR017273,
2015.
Rothfuss, Y. and Javaux, M.: Reviews and syntheses: Iso-
topic approaches to quantify root water uptake: a review
and comparison of methods, Biogeosciences, 14, 2199–2224,
https://doi.org/10.5194/bg-14-2199-2017, 2017.
Rozanski, K., Araguás-Araguás, L., and Gonfiantini, R.: Isotopic
Patterns in Modern Global Precipitation, in: Climate Change
in Continental Isotopic Records,American Geophysical Union
(AGU), 1–36, 2013.
Rücker, A., Zappa, M., Boss, S., and von Freyberg, J.: An opti-
mized snowmelt lysimeter system for monitoring melt rates and
collecting samples for stable water isotope analysis, J. Hydrol.
Hydromech., 67, 1–12, https://doi.org/10.2478/johh-2018-0007,
2019.
Scheliga, B., Tetzlaff, D., Nuetzmann, G., and Soulsby, C.: Ground-
water isoscapes in a montane headwater catchment show domi-
nance of well-mixed storage, Hydrol. Process., 31, 3504–3519,
https://doi.org/10.1002/hyp.11271, 2017.
Schwendenmann, L., Pendall, E., Sanchez-Bragado, R., Kunert,
N., and Hölscher, D.: Tree water uptake in a tropical plan-
tation varying in tree diversity: interspecific differences, sea-
sonal shifts and complementarity, Ecohydrology, 8, 1–12,
https://doi.org/10.1002/eco.1479, 2015.
Singer, M. B., Sargeant, C. I., Piégay, H., Riquier, J., Wilson, R.
J. S., and Evans, C. M.: Floodplain ecohydrology: Climatic, an-
thropogenic, and local physical controls on partitioning of wa-
ter sources to riparian trees, Water Resour. Res., 50, 4490–4513,
https://doi.org/10.1002/2014WR015581, 2014.
Smith, A. A., Welch, C., and Stadnyk, T. A.: Assessing the
seasonality and uncertainty in evapotranspiration partition-
ing using a tracer-aided model, J. Hydrol., 560, 595–613,
https://doi.org/10.1016/j.jhydrol.2018.03.036, 2018.
Sprenger, M., Herbstritt, B., and Weiler, M.: Established
methods and new opportunities for pore water sta-
ble isotope analysis, Hydrol. Process., 29, 5174–5192,
https://doi.org/10.1002/hyp.10643, 2015.
Sprenger, M., Leistert, H., Gimbel, K., and Weiler, M.: Illuminat-
ing hydrological processes at the soil-vegetation-atmosphere in-
terface with water stable isotopes, Rev. Geophys., 54, 674–704,
https://doi.org/10.1002/2015RG000515, 2016.
www.biogeosciences.net/15/6399/2018/ Biogeosciences, 15, 6399–6415, 2018
6414 D. Penna et al.: Tracing terrestrial ecosystem water fluxes using stable isotopes
Sprenger, M., Tetzlaff, D., and Soulsby, C.: Soil water stable iso-
topes reveal evaporation dynamics at the soil–plant–atmosphere
interface of the critical zone, Hydrol. Earth Syst. Sci., 21, 3839–
3858, https://doi.org/10.5194/hess-21-3839-2017, 2017.
Sprenger, M., Tetzlaff, D., Buttle, J., Laudon, H., and Soulsby, C.:
Water ages in the critical zone of long-term experimental sites
in northern latitudes, Hydrol. Earth Syst. Sci., 22, 3965–3981,
https://doi.org/10.5194/hess-22-3965-2018, 2018a.
Sprenger, M., Tetzlaff, D., Buttle, J. M., Laudon, H., Leis-
tert, H., Mitchell, C. P. J., Snelgrove, J., Weiler, M., and
Soulsby, C.: Measuring and modelling stable isotopes of
mobile and bulk soil water, Vadose Zone J., 17, 170149,
https://doi.org/10.2136/VZJ2017.08.0149, 2018b.
Sprenger, M., Tetzlaff, D., Buttle, J., Carey, S. K., McNamara, J. P.,
Laudon, H., Shatilla, N. J., and Soulsby, C.: Storage, mixing, and
fluxes of water in the critical zone across northern environments
inferred by stable isotopes of soil water, Hydrol. Process., 32,
1720–1737, https://doi.org/10.1002/hyp.13135, 2018c.
Stahl, C., Hérault, B., Rossi, V., Burban, B., Bréchet, C. and Bonal,
D.: Depth of soil water uptake by tropical rainforest trees during
dry periods: Does tree dimension matter?, Oecologia, 173, 1191–
1201, https://doi.org/10.1007/s00442-013-2724-6, 2013.
Steppe, K., Sterck, F., and Deslauriers, A.: Diel growth dynamics
in tree stems: linking anatomy and ecophysiology, Trends Plant
Sci., 20, 335–343, https://doi.org/10.1016/j.tplants.2015.03.015,
2015.
Stumpp, C. and Maloszewski, P.: Quantification of pref-
erential flow and flow heterogeneities in an unsatu-
rated soil planted with different crops using the envi-
ronmental isotope delta O-18, J. Hydrol., 394, 407–415,
https://doi.org/10.1016/j.jhydrol.2010.09.014, 2010.
Stumpp, C., Maloszewski, P., Stichler, W., and Maciejew-
ski, S.: Quantification of the heterogeneity of the unsat-
urated zone based on environmental deuterium observed
in lysimeter experiments, Hydrolog. Sci. J., 52, 748–762,
https://doi.org/10.1623/hysj.52.4.748, 2007.
Taylor, S., Feng, X., Kirchner, J. W., Renshaw, C., Klaue, B., and
Osterhuber, R.: Isotopic evolution of a seasonal snowpack and its
melt, Water Resour. Res., 37, 759–769, 2001.
Thoma, M., Frentress, J., Tagliavini, M., and Scandellari, F.:
Comparison of pore water samplers and cryogenic distilla-
tion under laboratory and field conditions for soil water sta-
ble isotope analysis, Isot. Environ. Healt. S., 54, 403–417,
https://doi.org/10.1080/10256016.2018.1437034, 2018.
Treydte, K., Boda, S., Graf Pannatier, E., Fonti, P., Frank, D.,
Ullrich, B., Saurer, M., Siegwolf, R., Battipaglia, G., Werner,
W., and Gessler, A.: Seasonal transfer of oxygen isotopes
from precipitation and soil to the tree ring: source water
versus needle water enrichment, New Phytol., 202, 772–783,
https://doi.org/10.1111/nph.12741, 2014.
Troch, P. A., Carrillo, G. A., Heidbüchel, I., Rajagopal, S., Swi-
tanek, M., Volkmann, T. H. M., and Yaeger, M.: Dealing with
landscape heterogeneity in watershed hydrology: A review of re-
cent progress toward new hydrological theory, Geogr. Compass,
3, 375–392, https://doi.org/10.1111/j.1749-8198.2008.00186.x,
2009.
Trujillo, E., Ramírez, J. A., and Elder, K. J.: Scaling proper-
ties and spatial organization of snow depth fields in sub-alpine
forest and alpine tundra, Hydrol. Process., 23, 1575–1590,
https://doi.org/10.1002/hyp.7270, 2009.
Ubierna, N., Kumar, A. S., Cernusak, L. A., Pangle, R.
E., Gag, P. J., and Marshall, J. D.: Storage and transpi-
ration have negligible effects on δ13C of stem CO2 ef-
flux in large conifer trees, Tree Physiol., 29, 1563–1574,
https://doi.org/10.1093/treephys/tpp089, 2009.
Uhlenbrook, S. and Hoeg, S.: Quantifying uncertainties in
tracer-based hydrograph separations: a case study for two-
, three- and five-component hydrograph separations in a
mountainous catchment, Hydrol. Process., 17, 431–453,
https://doi.org/10.1002/hyp.1134, 2003.
van der Ent, R. J. and Tuinenburg, O. A.: The residence time of
water in the atmosphere revisited, Hydrol. Earth Syst. Sci., 21,
779–790, https://doi.org/10.5194/hess-21-779-2017, 2017.
van der Velde, Y., Heidbüchel, I., Lyon, S. W., Nyberg, L., Rodhe,
A., Bishop, K., and Troch, P. A.: Consequences of mixing as-
sumptions for time-variable travel time distributions, Hydrol.
Process., 29, 3460–3474, https://doi.org/10.1002/hyp.10372,
2015.
Vargas, A. I., Schaffer, B., Yuhong, L., and Sternberg, L. da S.
L.: Testing plant use of mobile vs immobile soil water sources
using stable isotope experiments, New Phytol., 215, 582–594,
https://doi.org/10.1111/nph.14616, 2017.
Vitvar, T., Aggarwal, P. K., and McDonnell, J. J.: A review of Iso-
tope Applications in Catchment Hydrology, in: Isotopes in the
water cycle: past, present and future of a developing science,
edited by: Aggarwal, P. K., Gat, J. R., and Froehlich, K. F.,
Springer, The Netherlands, 151–169, 2005.
Volkmann, T. H. M. and Weiler, M.: Continual in situ monitoring of
pore water stable isotopes in the subsurface, Hydrol. Earth Syst.
Sci., 18, 1819–1833, https://doi.org/10.5194/hess-18-1819-2014,
2014.
Volkmann, T. H. M., Kühnhammer, K., Herbstritt, B., Gessler,
A., and Weiler, M.: A method for in situ monitoring
of the isotope composition of tree xylem water using
laser spectroscopy, Plant Cell Environ., 39, 2055–2063,
https://doi.org/10.1111/pce.12725, 2016a.
Volkmann, T. H. M., Haberer, K., Gessler, A., and Weiler, M.: High-
resolution isotope measurements resolve rapid ecohydrological
dynamics at the soil-plant interface, New Phytol., 210, 839–849,
https://doi.org/10.1111/nph.13868, 2016b.
von Freyberg, J., Studer, B., and Kirchner, J. W.: A lab in the field:
high-frequency analysis of water quality and stable isotopes in
stream water and precipitation, Hydrol. Earth Syst. Sci., 21,
1721–1739, https://doi.org/10.5194/hess-21-1721-2017, 2017.
Wang, L., Caylor, K. K., Villegas, J. C., Barron-Gafford, G. A.,
Breshears, D. D., and Huxman, T. E.: Partitioning evapotran-
spiration across gradients of woody plant cover: Assessment of
a stable isotope technique, Geophys. Res. Lett., 37, L09401,
https://doi.org/10.1029/2010GL043228, 2010.
Waring, R. H. and Running, S. W.: Sapwood water stor-
age: its contribution to transpiration and effect upon wa-
ter conductance through the stems of old-growth Douglas-fir,
Plant Cell Environ., 1, 131–140, https://doi.org/10.1111/j.1365-
3040.1978.tb00754.x, 1978.
Wassenaar, L. I., Terzer-Wassmuth, S., Douence, C., Araguas-
Araguas, L., Aggarwal, P. K., and Coplen, T. B.: Seeking ex-
cellence: An evaluation of 235 international laboratories con-
Biogeosciences, 15, 6399–6415, 2018 www.biogeosciences.net/15/6399/2018/
D. Penna et al.: Tracing terrestrial ecosystem water fluxes using stable isotopes 6415
ducting water isotope analyses by isotope-ratio and laser-
absorption spectrometry, Rapid Commun. Mass Sp., 32, 393–
406, https://doi.org/10.1002/rcm.8052, 2018
Webb, R. W., Williams, M. W., and Erickson, T. A.: The spatial and
temporal variability of meltwater flow paths: Insights from a grid
of over 100 snow lysimeters, Water Resour. Res., 54, 1146–1160,
https://doi.org/10.1002/2017WR020866, 2018.
Werner, C., Schnyder, H., Cuntz, M., Keitel, C., Zeeman, M.
J., Dawson, T. E., Badeck, F.-W., Brugnoli, E., Ghashghaie,
J., Grams, T. E. E., Kayler, Z. E., Lakatos, M., Lee, X.,
Máguas, C., Ogée, J., Rascher, K. G., Siegwolf, R. T. W.,
Unger, S., Welker, J., Wingate, L., and Gessler, A.: Progress
and challenges in using stable isotopes to trace plant carbon
and water relations across scales, Biogeosciences, 9, 3083–3111,
https://doi.org/10.5194/bg-9-3083-2012, 2012.
West, A. G., Patrickson, S. J., and Ehleringer, J. R.: Water
extraction times for plant and soil materials used in stable
isotope analysis, Rapid Commun. Mass Sp., 20, 1317–1321,
https://doi.org/10.1002/rcm.2456, 2006.
West, J. B., Bowen, G. J., Dawson, T. E., and Tu, K. P.
(Eds.): Isoscapes: Understanding Movement, Pattern and
Process on Earth Through Isotope Mapping, Springer,
https://doi.org/10.1007/978-90-481-3354-3, 2009.
West, A. G., Goldsmith, G. R., Brooks, P. D., and Dawson, T. E.:
Discrepancies between isotope ratio infrared spectroscopy and
isotope ratio mass spectrometry for the stable isotope analysis of
plant and soil waters., Rapid Commun. Mass Sp., 24, 1948–1954,
https://doi.org/10.1002/rcm.4597, 2010.
West, A. G., Goldsmith, G. R., Matimati, I., and Dawson, T. E.:
Spectral analysis software improves confidence in plant and soil
water stable isotope analyses performed by isotope ratio infrared
spectroscopy (IRIS), Rapid Commun. Mass Sp., 25, 2268–2274,
https://doi.org/10.1002/rcm.5126, 2011.
White, J. W. C., Cook, E. R., Lawrence, J. R., and Broecker, W. S.:
The D/H ratios of sap in tree: Implications for water sources and
tree ring D/H ratios, Geochim. Cosmochim. Ac., 49, 237–246,
1985.
WWAP (United Nations World Water Assessment Programme):
The United Nations World Water Development Report 2015: Wa-
ter for a Sustainable World, 2015.
Yang, J., Chen, H., Nie, Y., Zhang, W., and Wang, K.: Spa-
tial variability of shallow soil moisture and its stable iso-
tope values on a karst hillslope, Geoderma, 264, 61–70,
https://doi.org/10.1016/j.geoderma.2015.10.003, 2016.
Zhang, X., Xiao, Y., Wan, H., Deng, Z., Pan, G., and
Xia, J.: Using stable hydrogen and oxygen isotopes to
study water movement in soil-plant-atmosphere continuum at
Poyang Lake wetland, China, Wetl. Ecol. Manag., 25, 1–14,
https://doi.org/10.1007/s11273-016-9511-1, 2016.
Zhang, Z. Q., Evaristo, J., Li, Z., Si, B. C., and McDonnell,
J. J.: Tritium analysis shows apple trees may be transpiring
water several decades old, Hydrol. Process., 31, 1196–1201,
https://doi.org/10.1002/hyp.11108, 2017.
Zhao, L., Wang, L., Cernusak, L. A., Liu, X., Xiao, H.,
Zhou, M., and Zhang, S.: Significant difference in hydro-
gen isotope composition between xylem and tissue water
in Populus euphratica, Plant Cell Environ., 39, 1848–1857,
https://doi.org/10.1111/pce.12753, 2016.
Zimmerman, M. H. and Brown, C. L.: Trees: structure and function,
Springer-Verlag, New York, NY, USA, 1971.
www.biogeosciences.net/15/6399/2018/ Biogeosciences, 15, 6399–6415, 2018
